In this study, the impact of the Pacific Decadal Oscillation (PDO) on the China winter temperature (CWT) was assessed on an interdecadal timescale, and the capacities of the 35 models of the fifth Coupled Model Intercomparison Project (CMIP5) were assessed by simulating the PDO-CWT teleconnection. The Met Office Hadley Centre's sea ice and sea surface temperature (HadISST) were used as the observational data, and Climatic Research Unit (CRU) datasets provided long-term temperature data for the 1901-2005 period. By calculating the spatial correlation coefficient between the PDO index and winter temperature in China, thirteen CMIP5 models close to the HadISST datasets were selected for this study. These models were averaged as the good multi-model ensemble (GOODMME), and the PDO-CWT spatial correlation between the GOODMME and the observations was 0.80. Overall, the correlation coefficient between the PDO index and atmospheric circulation suggests that the GOODMME produces the same excellent results as do the observations. The results also verify the GOODMME's superiority in simulating the impact of the PDO on winter temperatures in China. The possible mechanisms underlying the impact of the different phases of the PDO on the CWT are also described.
Introduction
The Pacific Decadal Oscillation (PDO) is one of the most dominant patterns affecting the sea surface temperature (SST) in the north Pacific on the decadal scale, and it is defined as the leading principal component of SST anomalies in the north Pacific. Previous studies [1] [2] [3] [4] [5] [6] [7] have indicated that the PDO influences the regional or even global climate. For example, the PDO affects the North American and East Asian climates [8, 9] . The PDO also drives dry conditions during spring and summer in the United States [10] , as well as precipitation anomalies in Australia [11] .
The winter temperature in China (CWT) is strongly determined by the East Asian winter monsoon (EAWM), which comprises the East Asian trough in the troposphere, the Siberian high at the surface, and the jet stream in the upper troposphere [12] . Phase shifts in the PDO influence not only the interdecadal variability of the atmospheric circulation but also the EAWM intensity [13] . Ding et al. [14] noted that the CWT has experienced three stages of variation since in the 1950s, exhibiting coherent interdecadal variability with the PDO, and that when the PDO is in the negative phase, the EAWM is stronger and will lead to a colder temperature in China. Kenyon et al. [15] showed that the PDO has also substantially influenced temperature extremes in winter. The PDO provides a major source of decadal climate predictability [16] . Therefore, the impacts of the PDO on the climate are of great importance in decadal climate prediction. The interconnection between the PDO and CWT can offer opportunities to delineate the specific effects for use in meteorological forecasts and early warning for meteorological disasters such as winter extreme events.
The Coupled Model Intercomparison Project Phase 5 (CMIP5), along with general circulation models (CGCMs), not only has great potential for use in the study of the El Niño Southern Oscillation (ENSO) and PDO mechanisms, but has also been proven to be promising in predicting future global climate change [17, 18] . Numerous researchers have focused on assessing the performance of CMIP5 models. For example, Roy [19] used the CMIP5 output to analyze the characteristics of the Indian summer monsoon and ENSO, while Zhang et al. [20] investigated the driving mechanism behind the observed changes that cause extreme summer droughts in northern China. Newman et al. [21] noted that the PDO time series output by the models was irregular because the time series of a model of unforced variability is random and arbitrary; however, some models can reproduce the PDO phase well. Joshi and Kucharski [22] simulated the observed teleconnection of the Interdecadal Pacific Oscillation (IPO) with the Indian Summer Monsoon Rainfall (ISMR), and they reported that approximately two-thirds of the 32 models could reproduce the IPO-ISMR relationship. Recent assessments have noted that 11 selected models could effectively reproduce the constructive interference between ENSO and PDO by analyzing their similar and different phases [23] . However, in these studies, the research duration of evaluating the capacity of the simulation was only approximately 50 years, since the PDO time series has a slowly varying component [3] , and long-term changes cannot be adequately represented if short-term statistical information is used for reconstruction [24] . More importantly, a detailed systematic analysis of the PDO over a long simulation duration (over 100 years) using the CMIP5 models over China has not been previously performed.
In this paper, we have chosen 35 CMIP5 models to analyze the impact of the PDO on the CWT on an interdecadal timescale. A 105-year (1901-2005) ocean-atmosphere system dataset was used to analyze the differences between the simulation results and the observations. The remaining parts of this paper are organized as follows. In Section 2, the data and methodology are described, and the model comparison results are presented in Section 3. In Section 4, the possible mechanisms underlying the PDO and CWT are discussed, and the conclusions and recommendations are given in Section 5.
Data and Methodology

Data
To analyze the effect produced by the PDO, SST data over China during 1901-2005 from 35 CMIP5 models were employed. The CMIP5 simulations were available in the Earth System Grid Federation (ESGF) [25] . Table 1 provides a summary of the GCMs used in this study. Detailed information on CMIP5 with the respective GCMs can be found in Taylor et al. [26] . For each model, the first ensemble member (r1i1p1) run was carried out for the historical period 1901-2005. To assess the capacity of the CMIP5 models, the Met Office Hadley Centre's sea ice and SST dataset (HadISST) was used as the observation data for comparison with the simulation data [27] . HadISST data provide global SST data from 1870 to the present, with a resolution of 1 • × 1 • . The HadISST dataset details and analysis can be found in Rayner et al. [28] . To investigate the relationship between the PDO and CWT, monthly temperature data from the Climatic Research Unit (CRU TS3.22) were used. The data were retrieved from the University of East Anglia's CRU [29] .
A 6-year moving-average filter was employed to construct the PDO index to assess the PDO effect on the CWT. The data from the 20th century reanalysis for the sea level pressure (SLP) and geopotential height at 500 hPa and 200 hPa were used [30, 31] , which can be downloaded from NOAA Earth System Research Laboratory (ESRL) [32] .
Methodology
Due to the varying model resolutions, all of the outputs were interpolated by natural neighborhood interpolation into a 1 • × 1 • grid over the 1901-2005 period for comparison. SSTs were used to calculate the annual sea surface temperature anomalies (SSTAs), and then the influence of global warming was removed by subtracting the monthly SSTA global average from each grid point per monthly SSTA. The PDO index was defined as the leading principal component (PC1) from the empirical orthogonal function (EOF) of the final SSTAs in the North Pacific (20 • N-70 • N, 130 • E-90 • W) [33] . A better assessment of the ability of models to simulate the PDO, known as the Taylor diagram [34] , was used in this study. In this paper, the Pearson correlation coefficient [35] was used to calculate the correlation coefficient of the PDO and CWT.
Analysis of the PDO-CWT Simulation
Simulation of the PDO by the CMIP5 Models
The biases of the observed and CMIP5 model-simulated SSTs averaged over 1901-2005 during the wintertime (NDJFM) are displayed in Figure 1 . The results were calculated by subtracting the observed SST field from the simulated SST field. The first picture shows the biases of the observation and the multi-model ensemble (MME), which is the average of the SSTs for 35 CMIP5 models. As shown in Figure 1 The models that produce fewer differences (|biases| ≤ 2 • C) from the observations in the North Pacific are as follows: CMCC-CM, CMCC-CMS, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-MR and MPI-ESM-LR. In contrast, the simulated SSTs in the northern Pacific based on CSIRO-MK3.6.0, GISS-E2-H-CC, GISS-E2-H, IPSL-CM5B-LR, INMCM4.0, MIROC5 and MRICGCM3 differ greatly from the observed results (|biases| ≥ 4 • C). A study carried out by Yim et al. [36] reported Atmosphere 2019, 10, 597 5 of 15 that the MME could capture the overall PDO features in the observations. However, the results of the MME SSTs in the northern Pacific are larger than the observation data, since some models that differ greatly from the observed SSTs were averaged in the MME, which means that different situations need to be analyzed specifically in the composition selection of the MME models.
Furthermore, to assess the abilities of the models to simulate SSTAs, the Taylor diagram was used. Figure 2 shows the Taylor diagram of the monthly SSTAs for 35 CMIP5 models and the MME over the 1901-2005 period. Monthly HadISST data are used as the reference data. As illustrated, except for IPSL-CM5B-LR, all models exhibited a correlation value greater than 0.9. The findings showed that CanESM2, BCC-CSM1.1, BCC-CMS1.1 (m), CNRM-CM5, FIO-ESM and FGOALS-g2 have smaller dispersions in comparison with the other models. Overall, the model results indicate that CanESM2, BCC-CSM1.1 (m), BCC-CSM1.1, and CNRM-CM5 are relatively closer to the observations than are the other models. The EOF first spatial pattern of the SSTA can show the space-time evolution characteristics of the SST field. The EOF first spatial pattern of the SSTAs in the North Pacific (20 • N-70 • N, 130 • E-90 • W) was calculated (not shown). The EOF sign is arbitrary; therefore, some signs have been flipped such that all EOFs have the same sign as an anomaly in the Kuroshio-Oyashio extension (the index is multiplied by -1). Figure 3 is the PDO time series, and the correlation coefficients of the HadISST PDO index and CMIP5 model PDO index are represented by R. The models failed to simulate the PDO time series, as the PDO time series outputs were irregular [21] . However, some models in CMIP5 reproduce the PDO pattern well, such as GFDL-ESM2G, NorESM1-M and NorESM1-ME. 
PDO-CWT Teleconnection
To assess the capacity of the CMIP5 models to represent the PDO-CWT teleconnection, we calculated the correlation coefficients between the annual winter-month (NDJFM) mean PDO time series and the annual winter temperature in China (Figure 4 ). The observed regression pattern depicts a positive correlation over most of China except for the southwestern region. This finding signifies that when the PDO is in a positive phase, the winter temperature over most of China will increase, whereas when the PDO is in a negative phase, the winter temperature over the southwest region will decrease, and vice versa. In terms of the simulations, most of the models presented negative correlations, including the MME. In particular, the models show that CSIRO-Mk3.6.0 and FIO-ESM 
To assess the capacity of the CMIP5 models to represent the PDO-CWT teleconnection, we calculated the correlation coefficients between the annual winter-month (NDJFM) mean PDO time series and the annual winter temperature in China (Figure 4 ). The observed regression pattern depicts a positive correlation over most of China except for the southwestern region. This finding signifies that when the PDO is in a positive phase, the winter temperature over most of China will increase, whereas when the PDO is in a negative phase, the winter temperature over the southwest region will decrease, and vice versa. In terms of the simulations, most of the models presented negative correlations, including the MME. In particular, the models show that CSIRO-Mk3.6.0 and FIO-ESM exhibited the Atmosphere 2019, 10, 597 7 of 15 opposite correlation patterns from those of the observations. Only a few models could reproduce the correlation pattern. To compare the abilities of the models to reproduce the relationship between the PDO and CWT, the observed PDO-CWT correlation coefficient field and the individual CMIP5 model PDO-CWT correlation coefficient field were used to make a spatial correlation. Figure 5 shows a bar diagram that displays the spatial correlation coefficient of the individual models and the observation in describing the relationship between the PDO and CWT. In a previous study, Joshi et al. [22] compared the mean correlation coefficient between precipitation and the IPO according to observational data and CMIP5 data to find the best models. As China's topography is varied, if only the correlation coefficient is averaged to compare the observational and CMIP5 data, spatial correlations may be neglected. Therefore, by calculating the correlation coefficient of the two related fields, the models with positive correlation coefficients show good spatial patterns of PDO-CWT teleconnection (shown as red bars). Hence, following this criterion, the models were categorized into two groups: (a) good models: ACCESS1. The GOODMME (good multi-model ensemble) is averaged in grid points from the good models, which show positive correlation patterns in Figure 5 , as does the POORMME. The correlation between the observed PDO-CWT correlation field and the GOODMME/POORMME PDO-CWT correlation field is shown in Figure 6 . The spatial correlation coefficient of the MME and the observed condition was −0.28, and that of POORMME was −0.69. The value for the GOODMME was 0.80 (not shown), indicating that the GOODMME was capable of simulating the spatial pattern of the PDO-CWT teleconnection. The spatial pattern of the GOODMME could reproduce the PDO-CWT correlation pattern, which closely resembles the observation in Figure 4 and shows a positive correlation over most parts of China. The POORMME exhibited the reverse pattern. Based on these findings, the GOODMME can efficiently simulate the PDO-CWT teleconnection, regardless of the spatial pattern distribution or the average correlation coefficient. 
Possible Mechanisms Underlying the PDO and CWT
Relationship between the PDO and Atmospheric Circulation Systems
The interaction between the atmosphere and the ocean is extraordinarily complicated, and the PDO is also associated with atmospheric circulation. Therefore, to analyze the atmospheric circulation pattern associated with the PDO, the SLP, geopotential height at 500 hPa and zonal wind at 200 hPa are correlated with the PDO. Because the PDO signal is the strongest during the winter [4, 21] , the monthly winter (NDJFM) data of the PDO index and the atmospheric circulation systems are utilized.
The results in Figure 7a indicate that there were negative correlation centers at 30° N-70° N and in the north Pacific, and eastern Asia also showed weak negative correlations. There were positive correlative centers in the central Atlantic, Indian Ocean, and North Africa. These results are in agreement with those of Chen and Wallace (2016) [37] . Figure 7c shows the correlation between the 500 hPa geopotential height and the observed PDO. Negative correlation centers were observed in the North Pacific and eastern China, and positive correlation centers were found in North America and the Okhotsk Sea. In addition, there was a positive correlation in the tropical regions. The northern Pacific and North America show the Pacific-North-America (PNA) pattern [38] . The 200 hPa zonal wind can reflect the characteristics of the free atmosphere in the Northern Hemisphere during the 
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Possible Mechanisms Underlying the PDO and CWT
Relationship between the PDO and Atmospheric Circulation Systems
The results in Figure 7a indicate that there were negative correlation centers at 30 • N-70 • N and in the north Pacific, and eastern Asia also showed weak negative correlations. There were positive correlative centers in the central Atlantic, Indian Ocean, and North Africa. These results are in agreement with those of Chen and Wallace (2016) [37] . Figure 7c shows the correlation between the 500 hPa geopotential height and the observed PDO. Negative correlation centers were observed in the North Pacific and eastern China, and positive correlation centers were found in North America and the Okhotsk Sea. In addition, there was a positive correlation in the tropical regions. The northern Pacific and North America show the Pacific-North-America (PNA) pattern [38] . The 200 hPa zonal wind can reflect the characteristics of the free atmosphere in the Northern Hemisphere during the winter period, and the wind clearly responds to the characteristics of the tropospheric circulation. Figure 7e The results of the GOODMME were similar to the observations, although they underestimated the negative correlation centers in the middle Pacific and overestimated the negative correlation in eastern Asia between the SLP and PDO index (Figure 7b ). The GOODMME can represent the correlation between the PDO and the 500 hPa geopotential height (Figure 7d ) and 200 hPa zonal wind (Figure 7f ), although the values are underestimated at mid-latitudes and overestimated at high latitudes in East Asia and the North Pacific. However, the POORMME completely failed to simulate the relationships between the PDO and atmospheric circulation systems, and the correlation coefficients were opposite to those of the GOODMME (not shown). 
Variation of the Atmospheric Circulation Systems in Different Phases of the PDO
To study the changes of the atmospheric circulation during different phases of the PDO, the PDO phases were divided into two positive phases (1922-1945 and 1975-2002) and two negative phases (1906-1921 and 1946-1974 ) based on previous research [39, 40] . Figure 8 shows that in the positive (negative) phase of the PDO, the CWT is higher (lower). The Siberian high dominates the East Asian region during winter [41] . Figure 9a , b exhibits the winter mean anomalies of the SLP during two PDO phases. The SLP anomalies during the positive phase were opposite to those during the negative phase. During the positive phase of the PDO, negative anomalies occurred over the East Asia and Pacific region to the north of 30° N, and positive anomalies occurred over the region to the south of 30° N. These findings suggested that when the PDO is in a positive (negative) phase, the SLP decreases (increases) in the mid-high latitudes of East Asia and the North Pacific and increases (decreases) in the tropical Pacific. Negative (positive) SLP anomalies (40°-70° N, 55°-140° E) will weaken (enhance) the strength of the Siberian high, producing a reduction (enhancement) of the EAWM strength, which will lead to a higher (lower) CWT [14] . Figure 9c , d depicts the 500 hPa geopotential height mean anomalies during different PDO phases over winter. The 500 hPa geopotential height anomalies in the region (20°-50° N, 125°-150° E) were positive during the positive phase of the PDO, which means that the East Asian trough will be relatively weak, and vice versa. The East Asian trough is a key factor related to the EAWM. The surface temperature in the East Asian The results of the GOODMME were similar to the observations, although they underestimated the negative correlation centers in the middle Pacific and overestimated the negative correlation in eastern Asia between the SLP and PDO index (Figure 7b ). The GOODMME can represent the correlation between the PDO and the 500 hPa geopotential height (Figure 7d ) and 200 hPa zonal wind (Figure 7f ), although the values are underestimated at mid-latitudes and overestimated at high latitudes in East Asia and the North Pacific. However, the POORMME completely failed to simulate the relationships between the PDO and atmospheric circulation systems, and the correlation coefficients were opposite to those of the GOODMME (not shown).
To study the changes of the atmospheric circulation during different phases of the PDO, the PDO phases were divided into two positive phases (1922-1945 and 1975-2002) and two negative phases (1906-1921 and 1946-1974) based on previous research [39, 40] . Figure 8 shows that in the positive (negative) phase of the PDO, the CWT is higher (lower). The Siberian high dominates the East Asian region during winter [41] . Figure 9a ,b exhibits the winter mean anomalies of the SLP during two PDO phases. The SLP anomalies during the positive phase were opposite to those during the negative phase. During the positive phase of the PDO, negative anomalies occurred over the East Asia and Pacific region to the north of 30 • N, and positive anomalies occurred over the region to the south of 30 • N. These findings suggested that when the PDO is in a positive (negative) phase, the SLP decreases (increases) in the mid-high latitudes of East Asia and the North Pacific and increases (decreases) in the tropical Pacific. Negative (positive) SLP anomalies (40 • -70 • N, 55 • -140 • E) will weaken (enhance) the strength of the Siberian high, producing a reduction (enhancement) of the EAWM strength, which will lead to a higher (lower) CWT [14] . Figure 9c ,d depicts the 500 hPa geopotential height mean anomalies during different PDO phases over winter. The 500 hPa geopotential height anomalies in the region (20 • -50 • N, 125 • -150 • E) were positive during the positive phase of the PDO, which means that the East Asian trough will be relatively weak, and vice versa. The East Asian trough is a key factor related to the EAWM. The surface temperature in the East Asian region decreases due to the strong cold advection caused by strong northwesterlies, which are associated with the strength of the East Asian trough [42] . [43] showed that the 200 hPa zonal wind over East Asia has three bands related to the EAWM, suggesting that when the 200 hPa zonal wind at 25 • -40 • N, 90 • -170 • E strengthens (weakens) and the zonal winds on both of its sides (10 • S-15 • N, 90 • -170 • E; 45 • -60 • N, 60 • -180 • E) weaken (strengthen), the surface northerly wind over East Asia becomes stronger (weaker), and the EAWM strengthens (weakens). In the positive PDO phase, upper level zonal winds are relatively weak in the midlatitudes of East Asia, leading to a weaker meridional temperature gradient, which is unfavorable for southward cold air invasion from high latitudes [42, 44, 45] .
Atmosphere 2019, 10, 597 11 of 15 region decreases due to the strong cold advection caused by strong northwesterlies, which are associated with the strength of the East Asian trough [42] . Figure [43] showed that the 200 hPa zonal wind over East Asia has three bands related to the EAWM, suggesting that when the 200 hPa zonal wind at 25°-40° N, 90°-170° E strengthens (weakens) and the zonal winds on both of its sides (10° S-15° N, 90°-170° E; 45°-60° N, 60°-180° E) weaken (strengthen), the surface northerly wind over East Asia becomes stronger (weaker), and the EAWM strengthens (weakens). In the positive PDO phase, upper level zonal winds are relatively weak in the midlatitudes of East Asia, leading to a weaker meridional temperature gradient, which is unfavorable for southward cold air invasion from high latitudes [42, 44, 45] . 
Conclusions and Discussion
The PDO plays a vital role in climate change, but the PDO index is arbitrarily based on the outputs of the CMIP5 models. To assess the capacity of the CMIP5 models to simulate the PDO, 35 models were collected for comparison with the observations. The spatial correlation coefficient was calculated to confirm the relationship between the PDO and CWT. According to this correlation, 13 models were used and averaged to produce the GOODMME. Finally, the possible mechanisms underlying the effects of different PDO phases on the CWT were researched. The results are as follows.
1.
The [33] method was adopted to calculate the PDO index. The PDO time series of most models were irregular, but some models could reproduce the observed PDO phase. This indicates that the simulated annual average SST is good; however, the simulation of the SST change trends should be improved.
3.
The CMIP5 models individually failed to represent the observed positive PDO-CWT relationship.
To further study the capacities of the CMIP5 models for simulating the PDO-CWT teleconnection, the MME was considered. The 35 models were divided into two groups by calculating the spatial correlation coefficient. The 13 good models include ACCESS1.3, BCC-CSM1.1, CNRM-CM5, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H-CC, GISS-E2-H, HadCM3, HadGEM2-AO, INMCM4.0, MPI-ESM-LR, NorESM1-M and NorESM1-ME. The remaining models are defined as poor models. The PDO-CWT correlation spatial pattern for the GOODMME shows a positive correlation over most parts of China, which is consistent with the observational results. This result is better than the results of the individual models and the MME of all models.
4.
The relationship between the observed PDO and atmospheric circulation shows that the PDO index is negatively correlated with the intensity of the Siberian high and positively correlated with the intensity of the Aleutian high. The correlation coefficient between the 500 hPa geopotential height and the PDO shows that negative correlation centers occurred in the North Pacific and eastern China, while positive correlation centers occurred in North America and the Okhotsk Sea. The PDO and 200 hPa zonal wind speed are positively correlated in southern China and negatively correlated in northern China and Japan. The results of the GOODMME were similar to the observations. The variation of the atmospheric circulation during different phases of the PDO shows that when the PDO is in the positive (negative) phase, the Siberian high weakens (strengthens), the East Asian trough weakens (strengthens), and the upper level zonal winds weaken (strengthen) over northern China and Japan. These changes will lead to a warmer (cooler) winter in China.
Previous studies have also shown that the Siberian high is associated with the upper level zonal winds in the midlatitudes of East Asia [42] and that the 200 hPa zonal winds in the northern China and Japan regions are positively correlated with the EAWM strength indices [45] . The PDO affects the CWT by influencing the atmospheric circulation. The results indicate that the GOODMME can also satisfactorily reproduce the relationship between the PDO and Siberian high and between the East Asian trough and upper level zonal winds, which are the main EAWM members. However, the POORMME failed to represent the PDO-CWT connection and PDO-atmospheric circulation relationship. Our findings suggest that by contrasting the spatial correlation coefficients between the PDO and CWT, sorting the CMIP5 models can aid in improving the capacity of simulating the PDO-CWT teleconnection. Because China's topography is complicated, sorting the good models from the CMIP5 model is more effective than the method used by Joshi et al. [22] . By calculating the spatial correlation coefficient, the capacity for simulating the PDO-CWT relationship of ensemble models is significantly improved. However, uncertainties in the simulation output still exist [46, 47] . We hope to find a better way to skillfully use this critical tool that will aid scholars in predicting winter temperatures over China. Moreover, the results are greatly affected by the data quality and PDO phase separation, and the data for the first half of the 20th century may contain certain errors. Research on interdecadal oscillation needs the support of accurate data collected over longer time periods. 
